The severity of lightning strikes on offshore wind turbines built along coastal and nearshore regions can pose safety concerns that are often overlooked. In this research study the behavior of electrical discharges for wind turbines that might be located in the nearshore regions along the East Coast of China and Sea of Japan were characterized using a physics-based model that accounted for a total of eleven different geometrical and lightning parameters. Utilizing the electrical potential field predicted using this model it was then possible to estimate the frequency of lightning strikes and the distribution of electrical loads utilizing established semi-empirical relationships and available data. The total number of annual lightning strikes on an offshore wind turbine was found to vary with hub elevation, extent of cloud cover, season and geographical location. The annual lightning strike rate on a wind turbine along the nearshore region on the Sea of Japan during the winter season was shown to be moderately larger compared to the lightning strike frequency on a turbine structure on the East Coast of China. Short duration electrical discharges, represented using marginal probability functions, were found to vary with season and geographical location, exhibiting trends consistent with the distribution of the electrical peak current. It was demonstrated that electrical discharges of moderately long duration typically occur in the winter months on the East Coast of China and the summer season along the Sea of Japan. In contrast, severe electrical discharges are typical of summer thunderstorms on the East Coast of China and winter frontal storm systems along the West Coast of Japan. The electrical charge and specific energy dissipated during lightning discharges on an offshore wind turbine was found to vary stochastically, with severe electrical discharges corresponding to large electrical currents of long duration.
Introduction
Many of the existing offshore wind farms in China and Japan are located in the nearshore region around the East China Sea and Sea of Japan. The proximity of large energy demand centers, driven by massive industrial activity and high domestic consumption, has spurred development of offshore wind energy in these regions. Further, the availability of space for expansion and strong winds offshore provide additional incentives for wind energy developers. A majority of the offshore energy projects in China are located in the intertidal areas of the East China Sea where the average water depths range from 1.0 m to 18 m, making it practical for 
Regional lightning characteristics

Mainland China and adjacent coastal regions
The China Sea is characterized by thunderstorm systems that occur both in the summer and winter months, with peak lightning activity coinciding with the warm season. The behavior of lightning along the coast of China has been well documented. Chen et al. [3] investigated the characteristics of electrical discharges in Guang-Dong Province using field data. The authors found a weak correlation between ground flash density and thunderstorm days. A semi-empirical relationship between ground flash density and thunderstorm days was found to be non-linear.
A strong correlation was found between lightning triggered faults on tall structures and ground flash density. Ming et al. [4] studied the distribution of ground flash density on Mainland China and surrounding regions using satellite imagery. The flash density was shown to vary spatially, with regions of high maxima coinciding with mountainous and coastal locations, especially along the China Sea.
In contrast, low ground flash densities characterize the arid regions of western China. The trends in the ground flash density are consistent with the distribution of the annual precipitation driven by mainly mesoscale convective systems. In another study, Guo-jun et al. [5] investigated the characteristics of lightning in Guangzhou Province using field measurements collected over a 10-year period. The variation in the annual ground flash density was seasonal with peak values of approximately 23 flashes per square kilometer observed in the central region where the terrain is hilly. The mean monthly peak current, which varies approximately from 35 to 95 kA, had moderately large values in the winter months. Further, the number of thunderstorm days was illustrated to vary annually and spatially, with peak values exceeding 95 storm days. In addition, the study demonstrated a strong correlation between lightning activity and weather related damage on engineered structures. Mingyi et al. [6] investigated the distribution of ground flash density and electrical current in Jiangsu Province. The annual ground flash density, which was shown to vary spatially, ranged from 2.4 to 3.6 flashes per square kilometer. The regions of high flash density were shown be located along hilly terrain and around large water masses where convective mesoscale thunderstorm systems are prevalent. Further, lightning of negative polarity was shown to be predominant while positive lightning accounted for only approximately 5% of the lightning strikes. The electrical current, which follows a known semi-empirical function, varied from 20 to 40 kA.
Feng et al. [7] analyzed the behavior of cloud to ground lightning in Fujian region using field measurements. The results show that negative lightning is predominant during the summer season while positive electrical discharges occur mainly in the winter months. The total annual ground flash density was found to vary geographically, from approximately 0.5-9.0 flashes per square kilometer, and the region of high density occurs along the coast. The magnitude of the median electrical current was shown to vary spatially, with a range of 1-70 kA, and the maximum-recorded peak current exceeded 150 kA. The distribution of the lightning parameters was shown to be a function of topography, with severe lightning activity being prevalent along mountainous and coastal regions.
Coastal and offshore Japan
The severe lightning activity in the Sea of Japan, which occurs mainly in the winter season, is driven by cold frontal storm systems. The summer season along the coast of the Sea of Japan is characterized by mild lightning activity attributed to warm thunderstorm systems. The behavior of lightning along the coast of Sea of Japan has been well documented in several studies. Miyake et al. [8] investigated characteristics of lightning along the coast of the Sea of Japan. Statistical analysis of measured lightning data was conducted to illustrate the distribution of the electrical parameters. The electrical peak current, which ranged from 2 to 100 kA and follows a log normal distribution, comprised of both short and long duration discharges of different polarities. Further, the lightning parameters showed both seasonal and spatial variation, with positive discharges being predominant in the winter months. The duration of the positive electrical current was observed to be longer compared to negative discharges, thus posing the potential to cause large damage to tall structures because of the large quantity of electrical energy dissipated.
Shindo and Yokoyama [9] , in a separate study, investigated the relationship between ground flash density and number of storm days in Japan using lightning field data. The study shows that lightning activity on mainland Japan peaks in the summer while electrical discharges along the coast of the Sea of Japan are highest during the winter season. The relationship between ground flash density and thunderstorm days shows a temporal and spatial variation consistent with the reported lightning activity. A semi-empirical relationship correlating ground flash density to thunderstorm days developed by the authors was shown to be inconsistent and varied annually. Therefore, the prediction of thunderstorm days using ground flash density data in Japan may be subject to the limitation of annual variability. Saito et al. [10] investigated the seasonal variation of extreme lightning discharges using data from the Japanese Lightning Detection Network. The elevation of the center of the cloud electrical charge, which varies monthly, was utilized to delimit seasonal boundaries. The results show that the summer season is characterized by high cloud charge centers while those in the winter months are fairly low. Further, the intensity of the negative discharges observed in the summer period was higher than the positive lightning discharges observed in the same time frame. In contrast, positive lightning discharges were more predominant compared to negative lightning in the spring, autumn and winter seasons.
The prevalence of upward lightning, that can be destructive to wind turbines along the coast of the Sea of Japan, was anticipated to be a function of ground flash density and elevation of the cloud charge centers. Shindo et al. [11] investigated the characteristics of cloud to ground lightning in Japan using field measurements. The study showed that the ground flash density in the summer months was an order of magnitude higher than that observed during the winter season. The lightning risk maps developed by the authors show that summer lightning is prevalent on the mainland while the activity in the winter months is concentrated along the coastal areas along the Sea of Japan. The distribution in the electrical current indicated that severe lightning discharges occur in the winter season. Further, monthly variations in the mean peak current were reported, with positive electrical discharges showing large values compared to negative lightning.
Lightning interaction with coastal and offshore elevated structures
The study of lightning strikes to tall structures along coastal and offshore regions is fairly well documented. Miyake et al. [12] investigated lightning interaction with tall structures on the coast of the Sea of Japan using field measurements. The average annual lightning strike frequency on structures with elevations ranging from 80 m to 200 m was reported to vary from 8.5 to 26.3 strikes. Further, lightning discharges to the elevated structures was shown to increase with height of the structure with winter lightning showing a higher intensity compared to electrical discharges observed in the summer. In addition, simultaneous lightning attachment on multiple structures was observed on several occasions. Upward leader behavior, wind direction and thundercloud movement were shown to play a role in lightning attachment on the structures. Wang et al. [13] characterized the behavior of upward leaders incepted from a wind turbine and an adjacent tower using field measurements. The changes in the ambient electric field were used to classify upward lightning on the structures into two categories as self-triggered and downward leader initiated discharges. It was noted that some of the incepted upward leaders did not propagate over long distances due to a weak electric field. The inability to control the impact of the different environmental parameters on lightning behavior in field experiments can be a limitation. Thus, the effect of cloud cover and leader properties on the behavior of incepted upward leaders was not adequately captured. In light of these limitations, an approach based on predictive modeling of upward leader behavior is highly desirable.
In a separate study, Asakawa et al. [14] developed an experimental device to measure lightning discharges on wind turbines built on the northern coast of the Sea of Japan. The experimental study was supplemented with photographic field measurements of upward leader properties. The results showed that a majority of the electrical discharges on the wind turbines were of negative polarity, with 5% of the lightning discharges being positive. Both short and long duration electrical discharges were recorded and the peak current was shown to range from 0.2 to 44.4 kA. The electrical charge dissipated during the lightning discharges on the wind turbines was highly variable and the maximum value recorded was close to 400 C. Ishii et al. [15] investigated the frequency of winter lightning strikes on tall structures on the coast of Japan. The lightning strike frequency was shown to be a function of height of the structure, season of the year and geographical location. Subsequently, the risk of lightning on the tall structures was evaluated using the information derived from the lightning strike rate and distribution of electrical current. The risk of lightning on the tall structures varied temporally and spatially, showing trends consistent with the distribution of the measured electrical parameters. The structures built on the Pacific Coast and mainland Japan experience the highest lightning risk in the summer months. In contrast, the severity of lightning discharges on the structures on coast of the Sea of Japan is greatest in the winter season when upward lightning is predominant and the magnitude of the mean electrical current is largest. Despite the strength of the semiempirical approach adapted, the study faces the limitation of being unable to account for the effect of multiple environmental parameters such as cloud cover and leader properties on lightning risk on the elevated structures.
Fujil et al. [16] characterized the behavior of winter lightning on wind turbines on the West Coast of Japan. The frequency of lightning strikes on the wind turbines was correlated to elevation of the cloud charge center using field data. The number of lightning strikes on the wind turbines was shown to increase for elevations of the cloud charge center closer to the ground surface, typically taken to be less than 1000 m above the ground level. On the other hand, increase in the elevation of cloud charge center above 2500 m led to a decrease in the lightning strike rate. Further, the type of storm systems experienced along the West Coast of Japan were shown to have an impact on the distribution of the ground flash density, leader peak current and subsequently the frequency of lightning strikes on the wind turbines. In a follow up study, Ishii et al. [17] investigated the lightning strike behavior around wind turbines in Fukushima on the Pacific coast. The lightning strike rate on the wind turbines was shown to be higher in the winter months compared to the summer, despite the high ground flash density observed during the warm season. The annual lightning strike rate on the wind turbines in Fukushima was shown be an order of magnitude lower compared to the estimates developed for structures of the same elevation built on the coast of the Sea of Japan. Further, a field study on lightning attachment behavior on the turbine blades shows that lightning attachment is function of turbine blade angle for both stationary and moving blades. Lightning parameters such as the extent of cloud cover and downward leader properties are anticipated to affect the development of upward leaders and subsequently lightning attachment on the wind turbine. In addition, it is anticipated that the inherent variation in thunderstorm days, ground flash density and electrical current leads to a stochastic variation in the lightning strike rate on an offshore wind turbine. However, the approach adapted by the authors fails to account for the role of environmental parameters on leader behavior and the probabilistic nature of electrical discharges.
Thus, there remains a need to characterize the role of these environmental parameters and their effect on lightning attachment on an offshore wind turbine. This research study provides an alternative approach of characterizing lightning interaction with an offshore wind turbine. The probabilistic approach adapted here accounts for the stochastic nature of the various lightning parameters and the resulting electrical discharges on an offshore wind turbine operating under varying conditions.
Methodology
Lightning strike frequency
Lightning strikes to offshore wind turbines can be characterized as downward and upward initiated strikes based on the mode of leader inception. Downward lightning takes place when a stepped leader propagates from the thundercloud towards the ground surface leading to the intensification of the near field gradient around the wind turbine leading to the inception of upward propagating leaders from the structure providing probable attachment points on the structure. Upward lightning can also be initiated from the periphery of the wind turbine, in absence of the downward leader, when the near field gradient induced by the thundercloud exceeds a designated critical threshold. The development of lightning leaders and their attachment on an offshore wind turbine is demonstrated in Fig. 1 . The numerically evaluated potential field around the region swept out by the turbine blades pro- vides the basis for determining the lightning striking rate as a function of turbine hub elevation, blade diameter, cloud cover and leader properties. The striking distance, defined as the distance between the downward leader tip and extreme extent of turbine blade at the instant an upward leader is incepted from the structure, determines the extent of the lightning collection area around the structure. The number of downward lightning strikes to an offshore wind turbine can be determined as a function of ground flash density, lightning collection area and electrical current using a relationship given in the Appendix. In addition, the frequency of upward lightning strikes on the offshore wind turbine is determined as a function of thunderstorm days and upward leader properties as shown in the Appendix. The properties of the incepted upward leader, determined by the near field gradient of the electrical potential around the structure, are evaluated using the inception model described in Becerra et al. [18] .
Electrical discharges on offshore wind turbines
The total electrical charge dissipated during a lightning discharge on an offshore wind turbine occurs can be separated into two different phases, classified as the short stroke and long stroke processes. The short stroke process involves the impulsive transfer of electrical charge immediately after lightning attachment on the structure. In contrast, the long stroke process, which occurs after at the short impulsive loading, results in dissipation of electrical energy through the structure over a prolonged period, typically greater than 10 ms. The impulsive loads dissipated during the short process are a concern for electronic devices attached on the wind turbine. In contrast, the distributed loads that occur during the long process can affect the material properties of the turbine and in extreme cases can lead to ignition of fire on the structure. Semi-empirical relationships for evaluating the electrical charge dissipated during both the short and long stroke processes are given in the Appendix. The distribution of the electrical charge and energy dissipated during lightning strikes on an offshore wind turbine shows high variability depending on seasonal, environmental and geographic factors. Therefore, probability density functions are used to characterize the behavior of these electrical discharges. The short stroke electrical charge and energy are represented using marginal probability density functions while the long stroke discharges are represented using both marginal and joint probability functions.
Characterization of geometrical and lightning parameters
The effect of geometry and lightning parameters on the frequency of lightning strikes and distribution of electrical discharges on offshore wind turbines along the East Coast of China and Sea of Japan was investigated. The range of the key design parameters for the study of lightning interaction with an offshore wind turbine is illustrated in Table 2 . The hub elevation, h e of the wind turbine, ranging from 60 m to 150 m, was selected to cover the range of elevations of offshore wind turbines along the East Coast of China and Sea of Japan. The blade diameter of the wind turbine was taken as 90 m. The mean elevation of the thundercloud, H along the East Coast of China was taken as 2000 m, a value consistent with field observations in [19] . The average thundercloud elevation along the nearshore region of the Sea of Japan was selected in conformity with field observations, with a mean elevation of 2000 m in the summer season and 1000 m in the winter months. The length of the stepped leader, L D assumed to propagate vertically downward, ranges from 430 m to 1600 m. The extent of the cloud cover ϑ was selected to reproduce near field gradients of the electrical potential capable of incepting upward leaders from the periphery of the wind turbine. The magnitude of the electrical potential field at the cloud base was taken as 200 MV, a value consistent with field measurements.
The electrical peak current, I peak , and duration of the electrical discharges on an offshore wind turbine were generated randomly to be consistent with the range of reported lightning discharges on tall structures along the East Coast of China and offshore Japan [5, 7, 8] . The time frame of the short duration electrical discharges was taken as 1.0 ms. The period of the long duration electrical discharges was assumed to range from 10 to 40 ms. The magnitude of the electrical current in the long duration electrical discharges I l peak was selected randomly to range from 30 to 75 kA . The randomly generated distributions of the ground flash density, N g along the East Coast of China and Sea of Japan were assumed to fall within the range of reported data [5, 11] . The distribution of the thunderstorm days, S D on the East Coast of China was generated using a semi-empirical relationship between ground flash density and storm days developed in [3] . The data on thunderstorm days at Akita on the coast of the Sea of Japan was provided by the Japan Meteorological Agency [20] .
Numerical examples
Lightning strike frequency on offshore wind turbines
The frequency of downward lightning strikes on an offshore wind turbine was evaluated as a function electrical peak current, ground flash density, hub elevation and cloud cover extent. The distributions of the electrical peak current along the East Coast of China and Sea of Japan are illustrated in Fig. 2 . The annual distribution of the electrical current along the East Coast of China follows a Gamma distribution with a long upper tail. The electrical current on the coast of the Sea of Japan is approximately Gaussian and exhibits seasonal behavior. The change in season from summer to winter is accompanied by a rightward shift in the distribution of the electrical peak current as shown in Fig. 2 b due to the severe electrical discharges that occur in the winter months. The annual ground flash density along the East Coast of China follows a Gaussian distribution as illustrated in Fig. 2 c. The coast of the Sea of Japan is characterized by ground flash densities that are seasonally distributed with summer lightning showing values that are an order of magnitude higher than those observed in the winter months as illustrated in Fig. 2 d. The annual frequency of downward lightning strikes on an offshore wind turbine built along the East Coast of China and Sea of Japan is shown in Fig. 3 . The distributions of the downward lightning strikes on the offshore wind turbine follow trends consistent with the variation in the ground flash density. The estimated number of downward lightning strikes on an offshore wind turbine on the East Coast of China is slightly larger than the seasonal strike rate for structures on the Sea of Japan. Further, the frequency of downward lightning on offshore wind turbines in both the East Coast of China and Sea of Japan did not show much variation with increase in turbine hub elevation.
The upward lightning strike rate on the offshore wind turbine was evaluated as a function of thunderstorm days, turbine hub elevation and cloud cover extent. The distribution of thunderstorm days on the East Coast of China and Sea of Japan is shown in Fig. 4 . The annual thunderstorm days on the coast of China closely follow a Gaussian distribution with the peak coinciding with the summer season. On the other hand, the storm days along the coast of the Sea of Japan are log normally distributed with the winter season showing slightly higher activity than the summer. The frequency of upward lightning strikes on an offshore wind turbine on the East Coast of China and Sea of Japan follow trends consistent with the distribution of thunderstorm days as illustrated in Fig. 4 c and d, respectively. The lightning strike rate on an offshore wind turbine on the Sea of Japan is moderately higher in the winter months than in the summer season due to the lower mean thundercloud elevation observed during the cold season. Overall, the lightning activity on the Sea of Japan is more severe compared to the East Coast of China, posing a higher risk of lightning on wind turbines built offshore Japan. The effect of varying the extent of cloud cover on the frequency of upward lightning on an offshore wind turbine along the coast of the Sea of Japan is illustrated in Fig. 5 . Increasing the size of cloud cover leads to a rightward shift in the strike rate distribution. This behavior is attributed to the increase in the near field gradient, around the wind turbine, with increase in cloud size leading to an increased likelihood of incepting upward leaders, which propagate over longer distances, and thereby increasing the probability of lightning attachment on structure.
The effect of turbine hub elevation on the upward strike rate is demonstrated in Table 3 . An increase in hub elevation is accompanied by a moderate increase in the number of upward lightning strikes on the offshore wind turbine. The upward strike rate data is log normally distributed with a slight positive skew and shows increased spread as the hub elevation moves higher. This can be attributed to the increase in the near field gradient around the wind turbine as the hub elevation moves higher, leading to the inception and growth of energetic upward propagating leaders.
Short and long duration electrical discharges
The characteristics of short duration electrical loads imposed on an offshore wind turbine are illustrated in Fig. 6 . The probability distributions of the electrical charge and energy dissipated during a short stroke discharge on an offshore wind turbine along the coast of the East Coast of China are given in Fig. 6 a and b , respectively. The trends in the electrical charge are consistent with the distribution of the electrical peak current, with the mean value coinciding with the average peak current. The specific energy is exponentially distributed with a long upper tail. On the other hand, the lightning loads on an offshore wind turbine on the coast of the Sea of Japan are seasonally distributed as shown in Fig. 6 c and d . The change in season from summer to winter is accompanied by a rightward shift in the probability distribution of both the electrical charge and specific energy dissipated, indicating behavior consistent with the seasonal distribution of the electrical peak current. The distribution of the electrical charge is close to Gaussian while the specific energy is log normally distributed with a long upper tail. The estimates of the electrical charge and energy dissipated fall within the range of reported data in [8] . These impulse electrical loads can cause problems for electronic devices placed on an offshore wind turbine and therefore should be adequately dissipated in order to prevent damage to the structure.
The bivariate distribution between the long period electrical loads imposed on the wind turbine and duration of the electrical discharge are illustrated in Fig. 7 . The behavior of the electrical current and corresponding duration of the electrical waveform is demonstrated in Fig. 7 a. Moderate duration peak currents are characteristic of electrical discharges observed in mild convective storm systems along the East Coast of China in the winter months and coastal regions along the Sea of Japan in the summer season. In contrast, the severe electrical discharges are typical of warm convective storms on the coast of China and cold frontal thunderstorm systems along the West Coast of Japan. These large electrical discharges can be highly destructive to tall structures as reported in [8, 14] . The resulting electrical charge and specific energy dissipated are illustrated in Fig. 7 b and c, respectively. The electrical charge is characterized by an asymmetric bivariate Gaussian distribution with severe discharges corresponding to large peak currents of long duration typical of summer lightning on the East Coast of China and winter lightning along regions adjacent to the Sea of Japan. The distribution of the specific energy dissipated is also asymmetrically distributed, with the large electrical loads posing problems for offshore wind turbines that cannot adequately dissipate the excess energy. The estimates of the dissipated electrical loads fall within the range of reported data for tall structures built along the coast of the Sea of Japan as shown in [8] . The effect of increasing duration of the lightning discharge on electrical loads dissipated on an offshore wind turbine is demonstrated in Table 4 . The mean electrical charge and specific energy dissipated increase with the duration of the lightning discharge. Further, the spread in the data increases with the duration of electrical discharge and energy dissipated. The electrical charge is log normally distributed with a slight skew to the left. In contrast, the specific energy dissipated follows a Gaussian distribution with little skew in the data. Lightning discharges of longer duration lead to a rightward shift in the distribution of the electrical charge and energy dissipated as illustrated in Fig. 8 . The estimates of the long duration electrical charge and energy dissipated on an offshore wind turbine clearly exceed the IEC design thresholds [21] . This reinforces the need to investigate the impact of extreme electrical loads on wind turbines built in nearshore regions with severe lightning behavior.
Summary and conclusions
The behavior of electrical discharges on wind turbines placed in the nearshore region along the East Coast of China and Sea of Japan was investigated using a physics based approach that takes into account the effect of eleven different parameters associated with actual geometrical and lightning parameters. The geometrical parameters include blade diameter, turbine hub elevation, cloud base elevation, extent of cloud cover, length of downward leader and its propagation angle. The lightning parameters include cloud potential field, electrical peak current, ground flash density, thunderstorm days and duration of the electrical discharge. The numerically evaluated electrical potential field around the wind turbine was then used to characterize the frequency of lightning strikes on an offshore wind turbine as a function of these model parameters. Further, the distribution of electrical loads imposed on a wind turbine was evaluated using randomly generated data, consistent with field observations along the nearshore region on East Coast of China and the Sea of Japan.
The frequency of downward lightning strikes on an offshore wind turbine was shown to vary with geographical location and season. The downward lightning strike rate on an offshore wind turbine along the East Coast of China was found to be slightly larger compared to the seasonal strike frequency on turbine structures along the coast of the Sea of Japan. The hub elevation of the wind turbine had minimal impact on the downward lightning strike frequency. The number of upward lightning strikes on an offshore wind turbine was found to vary geographically and seasonally, behavior consistent with the distribution of the thunderstorm days. The upward lightning strike rate on a wind turbine along the coast of the Sea of Japan is moderately higher in the winter months than in the summer season due to the lower mean thundercloud elevation observed during in the winter season. Further, the upward lightning activity on the Sea of Japan was demonstrated to be more severe compared to the East Coast of China, posing a higher risk of electrical discharges on structures built in the nearshore and offshore Japan. The effect of varying the extent of the cloud cover on the upward lightning strike rate on an offshore wind turbine resulted in a rightward shift in the lightning strike data. The increase in the lightning strike rate with cloud cover extent was attributed to the magnification of the near field gradient of the electrical potential, in the vicinity of the wind turbine, with increase in cloud size leading to an increased likelihood for upward leader inception. Further, the upward strike frequency was found to increase with the hub elevation of the wind turbine.
The impulse electrical loads imposed on an offshore wind turbine represented using probability functions were demonstrated to vary with geographical location and season. The trends in the electrical charge were shown to be consistent with the distribution of the lightning peak currents, with the mean value coinciding with the average peak current. The specific energy was illustrated to follow a non-Gaussian distribution with a long upper tail. Short duration electrical loads can cause problems for electronic devices placed on an offshore wind turbine and therefore should be adequately dissipated in order to prevent damage to the structure. The magnitude and duration of the distributed electrical discharges imposed on an offshore wind turbine were represented using bivariate probability functions. The electrical currents of moderate duration are characteristic of lightning observed along the East Coast of China during the cold season and on the West Coast of Japan in the summer months. In contrast, severe electrical discharges are typical of warm convective storms on the East Coast of China and cold frontal thunderstorm systems along the nearshore region on the West Coast of Japan. The long duration electrical charge and specific energy dissipated were illustrated using asymmetric bivariate distributions. The severe electrical discharges correspond to large peak currents of long duration and are typical of summer lightning on the East Coast of China and winter lightning on the West Coast of Japan. The numerical predictions for the long duration electrical charge and energy dissipated on an offshore wind turbine exceed the recommended IEC design thresholds. Based on these findings, additional investigation regarding the impact of extreme electrical loads on wind turbines built in nearshore regions with severe lightning conditions appears warranted.
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Appendix. Lightning model
The behavior of lightning discharges on a wind turbine built along the nearshore region along the East Coast of China and Sea of Japan was investigated using a physics based model that takes into account eleven different problem parameters. These include geometrical parameters the blade diameter, hub elevation of wind turbine, cloud base elevation, extent of cloud cover, length of downward leader and its propagation angle, the cloud potential field, electrical peak current, ground flash density, thunderstorm days and duration of the electrical discharge. The numerically evaluated potential field around the wind turbine was validated using exact mathematical solutions. The solution of the electrical potential field provided the basis for determining the frequency of lightning strikes on the offshore turbine. Further, the distribution of electrical loads on the wind turbine was determined using established semi-empirical relationships.
The number of annual negative downward lightning strikes, N d , to an offshore wind turbine is given by the following form [22] : (1) where N g is the ground flash density, A c is the lightning collection area, I p min and I p max are the lower and upper bounds of the leader peak current, I peak , respectively, and f ( I peak ) is the probability density function of the leader peak current. The number of positive upward lightning strikes triggered from an offshore wind turbine in absence of a downward leader, N u , is given by the following modified expression [22] :
where S D is the total number of storm days in a year, f g is a factor that accounts for the effect of geographical location, taken as unity for the East Coast of China and 3 for the nearshore region along the Sea of Japan in order to reproduce strike rates consistent with field observations in [12] , P ( L > L th ) is the probability of the incepted upward leader length, L, exceeding the threshold length for inception of an upward leader, L th , taken as 2 m, L is the mean length of the incepted upward leader and h e is the hub elevation of the offshore wind turbine. The annual total number of lightning strikes on the offshore wind turbine is the sum of the downward and upward-triggered strikes. The electrical charge dissipated during a lightning discharge on an offshore wind turbine is evaluated as the integral of the current waveform in the short and long stroke processes, respectively, as shown by the following expression [21] :
where Q short and Q long are the total electrical charge dissipated during short and long stroke processes in Coulombs, respectively, I short (t ) is the short stroke current in amperes, I long (t ) is the long stroke current in amperes, t short is the duration of the short stroke and t long is the duration of the long stroke in seconds. The short stroke discharges occur immediately after the lightning attachment on an offshore wind turbine and are characterized by pulsed dissipation of electrical energy. In contrast, long duration discharges occur after the pulsed loads and involve discharge of large amounts of electrical energy over a longer time frame. The specific energy dissipated during an electrical discharge on an offshore wind turbine is given by the following expression [21] :
where E short and E long are the specific energy dissipated during the short and long stroke processes, respectively. The short stroke current is represented using a semiempirical relationship of the form [ 
where I peak is the short stroke peak current in amperes, k f is the correction factor for the amplitude of the short stroke peak current and is determined from a parametric analysis, t is the time in seconds, τ 1 is the front time constant, representing the ascending portion of the wave form and τ 2 is the tail time constant defining the extent of the decaying portion of the current waveform. The short stroke process was assumed to comprise a single stroke with a duration of 1.0 ms. The electrical waveform for the long stroke current is represented using a filter function in [23] and modified by Malinga and Niedzwecki [24] as shown by the following expression:
I long ( t ) = I l peak f 1 ( t ) + f 2 ( t ) f 1 ( t ) = 1 + t long − t t long − t f ront
, t f ront < t ≤ t long (6) where I l peak is the long stroke peak current in amperes, f 1 (t ) and f 2 (t ) are functions that characterize the shape of the current wave form, k long is a dimensionless shape parameter that controls the gradient of the rising and decaying portions of the wave form, t f ront is the duration of the rising portion of the current wave form and t tail is the time the current starts to decay. The total duration of the long stroke current was assumed to be randomly distributed and the corresponding duration for the front current and start time for the tail current were taken as 10% and 90% of the total duration, respectively.
